In the transportation safety arena, in an effort to improve safety, statistical models are developed to identify different factors that contribute to crashes, as well as various factors that affect injury severity in the unfortunate event of a crash. Our study contributes to the literature on severity analysis. Injury severity and vehicle damage are two important indicators of assessing severity in crashes. Typically injury severity and vehicle damage indicators are modeled independently. However, there are common observed and unobserved factors affecting the two crash indicators leading to potential interrelationships between them. Failing to account for the interrelationships of the indicators may lead to biased coefficient estimates in crash severity prediction models.
ABSTRACT
In the transportation safety arena, in an effort to improve safety, statistical models are developed to identify different factors that contribute to crashes, as well as various factors that affect injury severity in the unfortunate event of a crash. Our study contributes to the literature on severity analysis. Injury severity and vehicle damage are two important indicators of assessing severity in crashes. Typically injury severity and vehicle damage indicators are modeled independently. However, there are common observed and unobserved factors affecting the two crash indicators leading to potential interrelationships between them. Failing to account for the interrelationships of the indicators may lead to biased coefficient estimates in crash severity prediction models.
The focus of this study is to explore the interrelationships between the crash severity indicators: injury severity and vehicle damage, and also identify the nature of these correlations across different types of crashes. A copula based methodology that can simultaneously model injury severity and vehicle damage while also accounting for the interrelationships between the two indicators was employed in this study. Furthermore, parameterization of the copula structure was used to represent the interrelationships between the crash indicators as a function of the crash characteristics. In this study, six different specifications of the copula model including Gaussian, Farlie-Gumbel-Morgenstern (FGM), Frank, Clayton, Joe and Gumbel were developed. Based on goodness-of-fit statistics, the Gaussian copula model was found to outperform the other copula based model specifications. The results indicate that the interrelationships between injury severity and vehicle damage varied with different crash characteristics including manners of collision and collision types.
formulations have been extensively used to examine the relationship between the contributing 23 factors and injury severity. In studies where injury severity is treated as a non-ordinal indicator, 24 the multinomial logistic or probit model formulations have been used to investigate the 25 relationship between contributing factors and injury severity (7) (8) (9) (10) . In studies where injury 26 severity is treated as an ordinal variable, traditional ordered logistic or probit model formulations 27 or generalized ordered logit formulations have been used (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . 28 29 Both ordered and unordered logistic or probit models are fixed parameter models in which all 30 parameters are assumed to be constant across observations. However, it is argued that model 31 coefficients may not remain constant but vary across individuals when the data are 32 heterogeneous. To this end, other model formulations were proposed to capture the heterogeneity 33 across crashes. The Markov switching multinomial logistic model was used to account for 34 unobserved factors that influence injury severity (22) . The random parameter (mixed) model is 35 an alternative formulation which can treat the parameters as either fixed or random variables (7, 36 9, 20, 23-27) . More recently latent segmentation models that account for heterogeneity in a 37 closed form structure in severity models have also been employed (18) . Savolainen et al. (28) 38 reviewed and summarized numerous discrete choice models that are currently being used in 39 modeling injury severity and offered additional insights about model evaluation and selection. 40 41 Recently, in order to capture the interrelationships among variables when the factors interact in 42 indirect and complicated ways in injury severity models, researchers have also extensively 43 applied the structural equation modeling (SEM) in exploring the contribution of different 44 explanatory variables on injury severity. SEM can effectively account for complex relationships 22 23 In this study, the copula based approach is used to model the injury severity and vehicle damage 24 dimensions simultaneously while also accounting for the error correlations that may exist across 25 the two dimensions. Further, in the copula approach, parameterization of the copula structure is 26 allowed to help explain the heterogeneity in correlations between the dependent variables (39). 27 In recent years, the copula based model has been increasingly used in transportation research. 28 29 Pourabdollahi et al. (40) used a copula based model to estimate the choice of freight mode and The model results show that individuals in the same family unit tend to have simultaneously low 37 physical activity propensities, while the trend for high propensities is not significant.
39
The copula based model has also been used in modeling crash severity. Eluru et al. (42) 40 examined the injury severities for all occupants involved in a crash using a copula based model.
41
The effects of common unobserved factors on all occupants in the same vehicle were 42 accommodated in the model. The results illustrate that the copula based model is better than the 43 independent ordered probit model (in which the injury severity for each occupant was 44 independently and separately modeled) with regard to the model goodness-of-fit. The study 45 conducted by Rana et al. (43) The research presented here is an attempt to model the injury severity and vehicle damage and to 9 identify contributing factors, while also accounting for the potential correlations between the two 10 indicators due to unobserved attributes. To this end, the copula based approach is applied to 24 25 The primary objective of this study is to simultaneously model the injury severity and vehicle 26 damage levels of crashes using a copula based approach. The indicators are treated as ordinal 27 variables and a probit formulation is used to model the indicators. The econometric formulation of 28 the proposed copula methodology is presented below: 29 30 Injury Severity Model Component 31 32 Let ( = 1,2, … , ) be the index for vehicle involved in the crash, ( = 1,2, … , ) be the index 33 representing the level of injury severity and ( = 1,2, … , ) be the index representing the level 34 of vehicle damage. In an ordered probit formulation, the discrete injury severity level ( ) is 35 assumed to be associated with an underlying continuous latent propensity ( * ). Further, the latent
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36
propensity is specified as follows:
where, * is the latent propensity of injury severity for vehicle , is a vector of exogenous with severity level , with the following ordering conditions: (−∞ < 1 < 2 < … < −1 < 41 +∞). Given the above information regarding the different parameters, the resulting probability expression for the occupant of vehicle sustaining an injury severity level takes the following 1 form:
where, (•) is the standard normal distribution function. The probability expression in Equation 2 3 represents the independent injury severity model for the occupant of vehicle .
5
Vehicle Damage Model Component 6 7 On the other hand, vehicle damage component also takes the form of an ordered probit formulation.
8
The expression for latent propensity ( * ) of vehicle damage is shown below:
where, * is the latent propensity of vehicle damage for vehicle , is the discrete level of with a damage level can be written as:
where, (•) is the standard normal distribution function.
17
Joint Model: A Copula based Approach 18 19 In examining the injury severity and vehicle damage simultaneously, the dependency between the 20 two dimensions of interests is captured through the error terms ( and ) from equation 1 and 3.
21
The joint probability of sustaining injury severity level and vehicle damage level for vehicle 22 can be expressed as:
Given the above setup, the correlations between the injury severity and vehicle damage due to 1 unobserved factors are accommodated using a copula based approach. A detailed description of 2 the copula approach can be found in Bhat and Eluru (44) , Trivedi and Zimmer (45) . The joint 3 probability of equation 5 can be expressed by using the copula function as:
It is important to note here that the level of dependence between injury severity level and vehicle 5 damage can vary across crashes. Therefore, in the current study, the dependence parameter is 6 parameterized as a function of observed crash attributes as follows:
where, is a column vector of exogenous variables, ′ is the associated row vector of unknown (39) . 17 18 Of the six copulas, Clayton, Joe and Gumbel allow for asymmetric copulas that consider probabilities (except for changes to the threshold values). 24 25 With the above as preliminaries, the likelihood function can be expressed as:
where, is a dummy indicator variable assuming a value of 1 if injury severity level is and (35) . 12 13 Six different copula structures were explored in this study: the Gaussian, FGM, Frank, Clayton,
DATA COLLECTION AND ANALYSIS
14
Joe and Gumbel copulas. The model development process comprised of the following three finally, the six copula models were compared with the independent model and with each other;
19
Bayesian Information criterion (BIC) criterion was used to determine the best model (42).
21
MODEL ESTIMATION RESULTS
23
Coefficient Estimates 24 25 As noted earlier, six different copula models and an independent model were estimated in this 26 study. The performance of the best five models is listed in Table 2 . Based on the model 27 goodness-of-fit, all six copula based models have a lower BIC value than the independent model.
28
This indicates the correlations caused by unobserved factors between injury severity and vehicle 29 damage do exist, and accounting for these dependencies can improve model accuracy. The BIC
30
metric for the independent model and best fitting four copula models are presented in Table 2 .
31
Among the copula based models, the model with a Gaussian copula structure was found to 32 provide the lowest BIC value thereby indicating that the model best fits the data. Driver related factors play an important role in any crash severity studies. It can be seen from 7   Table 3 that all human factors have significant influences on injury severity outcomes. It was 8 found that young drivers are less likely to relate to severe injuries compared with others. This is 9 possibly due to the higher physiological strength of younger drivers compared to elderly drivers 10 (39). A negative coefficient was also estimated for male drivers. Consistent with expectation,
11
compliance with law is highly associated with the slight injury severity. It was found that the use 12 of alcohol or drugs considerably relates to the probability of severe injury severity while using 13 safety restraints dramatically decrease the probability of severe severity of injury. 14 15 Highway and traffic factors are of interest to highway and traffic engineers for designing and the event of a crash (35) . 28 29 Environmental factors were also found to affect both injury severity and vehicle damage. It is 30 interesting to note that adverse roadway conditions are more likely to be associated with slight 31 injury severity and slight vehicle damage. This is possibly due to the reduction in speeds by 32 drivers for cautionary reasons during adverse weather conditions (7) . One of the most interesting 33 finding is with regard to the lighting conditions. It was found that crashes caused at night time 34 are related with severe vehicle damage irrespective of the street lighting conditions. However, no 35 such influence was found on injury severity. This can be supported by the study conducted by 36 Qin et al. (35) in which the authors concluded that the structural design of the vehicle can protect 37 occupants from sustaining injuries, but severe collisions may reduce the effectiveness of the 38 protection. 39 40 With regard to the manner of collision, compared with the rear-end crashes, head-on crashes are Notes: "NA" represents "not applicable"; "---" represents the variable is not statistically 1 at 5% level of significance.
The estimated copula parameters offered additional insight about the dependencies between 1 injury severity and vehicle damage. In determining variables for the copula structure, we first 2 select all candidate variables, and then remove variables that are not statistically significant. In 3   Table 3 , only the parameters for the copula structure that have been considered to be statistically 4 significant at 5 percent level of significance are included.
6
The results highlight the existence of dependencies between injury severity and vehicle damage between injury severity and vehicle damage is for head-on crashes, followed by angle and 17 sideswipe crashes. Also, the dependencies between injury severity and vehicle damage for 18 crashes between two passenger cars were shown to be negative. 19 20 Elasticity Effects 21 22 In the copula based model, the estimated parameters alone are not sufficient to describe the 23 magnitude of the effect of an independent variable on the probability of each vehicle damage or 24 injury severity category. Therefore, the elasticity effects for all independent variables with regard 25 to both injury severity and vehicle damage were calculated and are presented in Table 4 . The 26 detailed discussion on the methodology for calculating elasticity effects in a copula based model 27 can be found in Eluru and Bhat (48) . 28 29 In general, the effects of independent variables on injury severity and vehicle damage shown in 30   Table 4 are consistent with those described in Table 3 . More specifically, the presence of young 31 and male drivers decreases the probability of severe injury severity, the use of drug or alcohol 32 significantly increase the probability of severe injuries, and using safety restraints dramatically 33 decreases the probability of severe injuries especially the type A or fatal injuries. With regard to 34 highway and traffic factors, roadways with higher speed limit increase the probability of both 
SUMMARY AND CONCLUSIONS
2
Traffic safety is an important issue with serious social and financial implications including 3 injuries, fatalities and economic losses. Reducing the number of crashes and their consequences 4 (especially the severe ones) is an important priority for transportation safety professionals. To 5 this end, it is necessary to explore the potential causes of crash severity, so that effective 6 countermeasures can be implemented to alleviate the crash risk. 7 8 Crash severity including injury severity and vehicle damage has been widely studied in the accommodating their dependencies. Furthermore, a parameterized copula structure is used to 16 investigate the varied dependencies between injury severity and vehicle damage across crashes, 17 and the elasticity effects for all independent variables were calculated to explore their effects on 18 the probability of each injury severity and vehicle damage category. 19 20 Six copula based models including Gaussian, FGM, Frank, Clayton, Joe and Gumbel copula 
27
The Gaussian copula model reveals that human factors have significant influences on injury 28 severity. Young drivers are less likely to be associated with severe injuries than others. Males 29 have a lower probability of suffering severe injury severity compared with females. Using 30 alcohol or drug dramatically increases the injuries and using safety restraints considerably 31 decreases the probability of severe injuries. The crash severity on interstate highways is 32 increased due to the higher speed. Four-way stop controlled intersections may be safer than 33 others as both injury severity and vehicle damage are decreased. When compared with normal 34 roadway conditions, adverse surface decreases the crash severity due to the reduced traveling 35 speed. Night time seems to increase the probability of severe vehicle damage but it is not 36 statistically significant for the injury severity model. Compared with the rear-end crashes, head-37 on crashes increase the probability of severe injuries and both head-on and angle crashes increase 38 the probability of severe vehicle damage. The crash severity for crashes between two passenger 39 cars may be increased due to the larger speed differentials between two vehicles. 40 41 The estimated copula parameters offer additional insight about different patterns of dependencies 42 between injury severity and vehicle damage across crashes. The results indicate that 43 dependencies between injury severity and vehicle damage are positive for head-on, angle and 44 sideswipe crashes, while the dependencies are negative for the crashes between two passenger 45 cars. These conclusions indicate that the dependencies between injury severity and vehicle damage can vary across different crashes. In summary, this study offers a more accurate model 1 structure of predicting crash severity, and it is anticipated that this study can shed light on help 2 develop cost-effective countermeasures to improve traffic safety. 3 4 One limitation of the study is that it employs only two vehicle crashes for the analysis. The 5 findings are not directly transferable to crashes involving single vehicles or more than two 6 vehicles. These are avenues for future research. From a practice perspective, the availability of 7 vehicle damage information for roadway crashes might also influence applicability of the 8 proposed framework. However, it is important to recognize that while vehicle damage 9 component of the model might not be employed, the model results obtained for severity analysis 10 can be directly employed. The injury severity estimates obtained through our two dependent 11 variable analysis have been "purified" by considering dependency between the two variables.
12
Hence, the states with no vehicle damage would continue using the injury severity model 13 independently. However, from our analysis, it is evident that considering vehicle damage -an 14 objective indicator of crash severity -might enhance crash severity analysis (35) . Therefore, to 15 accurately identify the severity of a crash, compiling vehicle damage is a recommendation from 16 our analysis. 17 
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